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Silver-haired bat rabies virus (SHBRYV) infection induces a strong virus-specific immune response in the
periphery of the host, but death is common due to the failure to open the blood-brain barrier (BBB) and deliver
immune effectors to central nervous system (CNS) tissues. Mice with an SJL background are less susceptible
to lethal infection with rabies viruses. In addition, these animals are known to have reduced hypothalamus-
pituitary-adrenal (HPA) axis activity and an elevated capacity to mediate CNS inflammatory responses. We
show here that approximately one-half of PLSJL mice survive an SHBRYV infection that is invariably lethal for
129/SvEv mice. This difference is associated with the elevated capacity of PLSJL mice to mediate BBB
permeability changes in response to the infection. The induction of more extensive BBB permeability and CNS
inflammation in these animals results in greater virus clearance and improved survival. On the other hand,
treatment of SHBRV-infected PLSJL mice with the steroid hormone dehydroepiandrosterone reduced BBB
permeability changes and caused greater mortality. We conclude that the infiltration of immune effectors
across the BBB is critical to surviving a rabies virus infection and that HPA axis activity may influence this

process.

Fluid exchange and the entry of circulating cells and macro-
molecules into central nervous system (CNS) tissues are regu-
lated by the blood-brain barrier (BBB), a specialization of the
neurovasculature (11). While the loss of BBB integrity is often
associated with pathological changes in the CNS tissues (1, 12,
25), transiently increased BBB permeability can be therapeu-
tic. An example is when immune effectors are delivered to CNS
tissues to clear an infection with the attenuated rabies virus
(RV) strain CVS-F3 (21). The clearance of this virus from the
CNS of 129/SvEv mice occurs without signs of disease and is
associated with enhanced BBB permeability which is largely
restricted to the cerebellum (21). The absence of this beneficial
enhancement of BBB permeability can lead to a CNS infection
becoming lethal, as is evidently the case for infection with the
highly pathogenic silver-haired bat-associated RV (SHBRV)
(23), the virus that is currently responsible for the majority of
human deaths from rabies in the United States and Canada
(18). Despite the normal development of RV-specific immu-
nity in peripheral lymphoid organs, increased BBB permeabil-
ity and immune cell invasion do not occur in the CNS tissues of
SHBRV-infected 129/SvEv mice (23). Consequently, the virus
is not cleared, and the animals die (23).

While the antiviral immune response cannot clear SHBRV
from the CNS tissues of 129/SvEv mice, immune cells adop-
tively transferred from these animals are capable of causing
elevated BBB permeability as well as CNS inflammation and
clearance of CVS-F3 from the CNS of rag2 ™/~ mice (23). We
therefore speculated that the BBB in the cerebellum of
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SHBRV-infected animals becomes refractory to the signals
that trigger enhanced permeability, and the virus-clearing CNS
inflammatory response does not occur (23). In this case, the
outcome of RV infection is dictated by the capacity to mediate
CNS inflammation. However, by comparing infections of var-
ious mouse strains, a prior study has demonstrated that sur-
vival from RV infection is correlated with the level of virus-
neutralizing antibody produced (17). In these studies, SJL mice
developed the highest serum virus-neutralizing antibody titers,
but resistance to lethal infection proved to be major histocom-
patibility complex independent (16), suggesting that the extent
of antigen-specific immunity may not be the primary determi-
nant of survival.

The SJL background has been associated with blunted
hypothalamus-pituitary-adrenal (HPA) axis activity (2). The
HPA axis regulates the production of corticosteroids and other
steroid hormones, such as dehydroepiandrosterone (DHEA),
that have a variety of functions in different tissues (5, 9, 30).
With respect to immunity, corticosteroids are generally anti-
inflammatory (3, 20); therefore, it may be for good reason that
mice with an SJL background are extensively used in experi-
mental allergic encephalomyelitis (EAE) studies (2). In addi-
tion, DHEA treatment has been demonstrated to inhibit CNS
inflammation in an SJL model of EAE (10). This raises the
possibility that, rather than elevated antiviral immunity, the
deregulation of CNS inflammation due to reduced HPA activ-
ity may be responsible for the resistance of SJL-derived mice to
lethal infection with RV. In this investigation, we first tested
this hypothesis by comparing antiviral immunity, BBB perme-
ability changes, CNS inflammation, and virus clearance in
PLSJL and 129/SvEv mice infected with SHBRV. To further
examine the association between BBB integrity, CNS inflam-
mation, and virus clearance, we triggered an exaggerated CNS
inflammatory response in SHBRV-infected PLSJL mice by the
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FIG. 1. Comparison of SHBRYV replication levels in the CNS tissues of 129/SvEv and PLSJL mice. Groups of 129/SvEv and PLSJL mice (n =
30) were infected with SHBRV and monitored for morbidity and mortality (A). Similarly infected groups of 129/SvEv (n = 10) and PLSJL (n =
23) mice were euthanized on day 8 following infection to assess RV antigen-specific IgG titers in the sera using ELISA (B) and to quantify SHBRV
nucleoprotein mRNA levels in the cortex (open symbols) as well as in the cerebellum (filled symbols) as a measure of virus replication (C).
Infection, antibody titer determination by ELISA, and QRT-PCR analysis of mRNA levels were performed as described in Materials and Methods.
Nucleoprotein mRNA levels are expressed as the number of copies per copy of the housekeeping gene L13 in a particular sample. A statistically
significant difference in survival rate between the groups was determined by Fisher’s exact test for contingency and is denoted by the symbol #*
(P < 0.001). The absence of statistical differences in antibody and virus nucleoprotein levels between infected mice of the two mouse strains is

denoted by ns (not significant).

induction of EAE. Finally, to probe the possibility that the
reduced production of DHEA impacts the antiviral response,
the capacity of PLSJL mice treated with this hormone to clear
SHBRYV was assessed.

MATERIALS AND METHODS

Animals and virus infection. 129/SvEv and PLSJLF1/J (PLSJL) mice were
purchased from Taconic (Germantown, NY) and Jackson Laboratories (Bar
Harbor, ME), respectively, and used at 8 to 10 weeks of age. Mice were infected
with SHBRV-17 (SHBRYV), a pathogenic strain originally isolated from human
brain tissue and expanded via multiple passages in neonatal mouse brain (8) via
the intradermal route in both ears with 10* focus-forming units of virus as has
been previously described (23). All procedures were carried out according to the
protocols approved by the Institutional Animal Care and Use Committee of
Thomas Jefferson University.

Measurement of serum antibody titers. Levels of RV-specific total immuno-
globulin G (IgG) in sera from control and experimental mice were assessed by
enzyme-linked immunosorbent assay (ELISA) as described previously (7).
Briefly, 96-well plates (Nalge Nunc International, Rochester, NY) were coated
with UV-inactivated RV (5 pg/ml), and antibodies captured from serially diluted
samples of sera were detected using peroxidase-conjugated anti-mouse IgG
(Sigma). 3,3',5,5"-Tetramethylbenzidine dihydrochloride substrate (Sigma) sup-
plemented with hydrogen peroxide was used for color development. The reac-
tion was terminated by the addition of 2 M H,SO, to the wells, and the
absorbance was measured at 450 nm in a microplate spectrophotometer
(Biotek, Winooski, VT).

QRT-PCR. Levels of different gene-specific mRNAs were measured by quan-
titative real-time PCR (QRT-PCR) as previously described (21). Briefly, total
RNA was isolated from the CNS tissues of RV-infected and uninfected control
mice using a QTAGEN RNeasy kit (Valencia, CA). cDNAs were synthesized
from mRNA by reverse transcription using oligo(dT) as primer. QRT-PCR was
then performed using TagMan PCR reagents (Applied Biosystems, Foster City,
CA), gene-specific primers and probes, synthetic gene standards, and a Bio-Rad
iCycler iQ real-time detection system (Hercules, CA). The mRNA copy numbers
of a particular gene in each sample were normalized to the mRNA copy number
of a housekeeping gene L13 in that sample. To estimate virus replication, virus-
specific nucleoprotein mRNA expression was measured by QRT-PCR and ex-
pressed as the number of mRNA copies per mg of tissue. This has been dem-
onstrated to be a reliable measure of RV replication (13). Sequences of the
primers and probes used for quantitative PCR have been previously detailed
(21, 23).

Assessment of BBB permeability. The extent of BBB permeability was as-
sessed by measuring the amount of leakage of a low-molecular-weight fluores-
cent marker (Na-fluorescein) from the circulation into CNS tissues as previously

described (21). Briefly, 100 pl of 10% solution of Na-fluorescein was injected
intraperitoneally, and after 10 min, mice were anesthetized and cardiac blood
was collected, followed by transcardial perfusion with phosphate-buffered saline.
CNS tissues were collected and homogenized in phosphate-buffered saline and
centrifuged. Proteins were precipitated with 15% trichloroacetic acid from the
supernatants of the tissue homogenate as well as from serum samples. Fluores-
cence in the clarified supernatant was measured using a CytoFluorII fluorimeter
(PerSeptive Biosystems, Framingham, MA). The amount of Na-fluorescein in
the CNS tissue of each animal was normalized to the level of Na-fluorescein
detected in the serum from the corresponding animal.

MBP immunization. Mice were immunized with myelin basic protein (MBP)
as described previously (15). Briefly, mice were subcutaneously injected at three
sites along the back with a total volume of 200 pl of a 1:1 emulsion of 100 pg
MBP in complete Freund’s adjuvant (Difco Labs, MI) supplemented with 4
mg/ml Mycobacterium tuberculosis H37RA (Difco). Mice also received two in-
jections of 400 ng pertussis toxin (List Biologicals, CA) intraperitoneally, one on
the day of immunization and the other 2 days after immunization. Mice were
monitored daily for any signs of the disease.

DHEA treatment. Mice were treated via subcutaneous injection with a daily
dose of 2 mg DHEA (Sigma-Aldrich, St. Louis, MO) per animal dissolved in 20
wl of vehicle (dimethyl sulfoxide; Sigma). Treatment was started from the day of
infection with the virus. Mice in control groups received a similar volume of
vehicle without DHEA.

Statistical analyses. Results are expressed as the mean * the standard error
of the mean. Statistical significance of the differences in gene expression between
control and infected groups was tested using the Mann-Whitney test, while
differences between serum antibody levels were assessed by the paired ¢ test.
Differences in survival rate between the groups were determined by Fisher’s
exact test for contingency.

RESULTS

PLSJL mice are less susceptible to lethal SHBRYV infection
than 129/SvEv mice. The genetic makeup of an animal is a
major determinant of susceptibility to a variety of diseases. For
example, SJL mice often survive infection with pathogenic
strains of RV that are lethal in other strains, possibly because
mice with an SJL background are prone to the development of
stronger inflammatory responses (17). To examine this possi-
bility with the highly pathogenic SHBRYV, we compared the
outcome of infection in 129/SvEv (H-2°) mice with that in
PLSJL (H-2"*) mice. 129/SvEv mice infected intradermally in
the ear with 10* focus-forming units of SHBRYV invariably die,
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while approximately one-half of similarly infected PLSJL
mice survive (Fig. 1A). Regardless of whether or not they
succumb to the infection, all infected mice develop compa-
rably high levels of RV-specific antibodies in the circulation
(Fig. 1B), as well as SHBRYV nucleoprotein mRNA in CNS
tissues (Fig. 1C).

The death of SHBRV-infected PLSJL mice is associated
with high-level virus replication in the CNS without a concom-
itant deficit in immunity. SHBRYV infection is lethal in 129/
SvEv mice as a consequence of the failure to mount a CNS
inflammatory response and clear the virus from CNS tissues
(23). This led us to question whether or not the difference in
survival between individual PLSJL mice is the result of the
inability of certain mice to mediate CNS inflammation. Be-
tween 8 and 12 days postinfection (p.i.), PLSJL mice that will
die from SHBRYV infection exhibit neurological signs of dis-
ease, such as agitation, convulsion, and muscle rigidity, while
survivors remain healthy throughout. This enables us to predict
the outcome and compare virus replication levels and immune
functions between mice that will survive and those that will not
survive the infection. At day 5 p.i., before mice show clinical
signs of infection, nucleoprotein mRNA levels in both cortex
and cerebellum are variable. At day 8 p.i., virus nucleoprotein-
specific mRNA levels in these regions are significantly higher
in mice exhibiting neurological signs of rabies than in healthy
mice, despite the fact that several of the latter are expected to
eventually develop clinical signs of infection and die (Fig. 2A).
However, neither the accumulation in the CNS tissues of
mRNAs specific for immune cells, CD4 and CDS8 T cells, and
B cells (Fig. 2B) nor serum RV-specific IgG antibodies in the
circulation (Fig. 2C) differ between healthy and sick mice on
day 8 p.i.

The survival of SHBRV-infected PLSJL mice is improved by
enhancing the CNS inflammatory response and the delivery of
immune effectors to the CNS tissues. The above-mentioned
results suggest that immune effector cells reach the CNS tis-
sues of SHBRV-infected PLSJL mice and that death results in
animals where virus levels in the CNS cannot be contained. If
this is the case, increased immune cell infiltration into the CNS
tissues may support the clearance of higher levels of virus,
thereby allowing more animals to survive the infection. To test
this hypothesis, we assessed whether or not the induction of
extensive CNS inflammation would promote the survival of
SHBRV-infected PLSJL mice. PLSJL mice were immunized
with MBP using a protocol that induces elevated BBB perme-
ability and, often, the autoimmune CNS inflammatory disease
EAE within 16 to 22 days (15). Ten days after MBP immuni-
zation, mice were infected with SHBRYV, the timing being such
that extensive CNS inflammation would occur, concomitant
with the development of an antiviral response. Significantly
higher numbers of SHBRV-infected PLSJL mice survive the
infection when they have been immunized with MBP to induce
a stronger CNS inflammatory response (Fig. 3A and B). The
incidence and severity of EAE in PLSJL mice following MBP
immunization are variable (15, 26). Thus, in the experiment
shown in Fig. 3A, where 40% of MBP-immunized but uninfected
mice died of EAE, we cannot be certain as to whether the MBP-
immunized, SHBR V-infected mice died of EAE or rabies. How-
ever, when MBP immunization did not cause lethal EAE, most of
the immunized/infected mice also survived (Fig. 3B).
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FIG. 2. Comparison of the virus titer and the immune response
between SHBRV-infected PLSJL mice with or without clinical signs of
rabies. Groups of PLSJL mice (n = 20) were infected with SHBRV
and monitored for morbidity and mortality. Five and eight days after
infection, groups of mice were euthanized to assess the SHBRV nu-
cleoprotein-specific mRNA levels in the cortex and the cerebellum.
Amount of virus was compared between mice with (sick) or without
(healthy) clinical signs of rabies at these time points (A). Levels of
mRNAs specific for CD4, CDS, and k-light chain (k-LC) in the cortex
and the cerebellum (B) and RV antigen-specific serum IgG titer of
healthy and sick mice on day 8 p.i. (C) were measured by QRT-PCR
and ELISA, respectively. Infection, mRNA analysis by QRT-PCR, and
ELISA were performed as described in Materials and Methods. Sta-
tistically significant differences in the amount of virus-specific mRNA
levels between groups of healthy and sick mice were determined by the
Mann-Whitney test and are denoted by the symbol *** (P < 0.001).
No statistical differences were found in immune cell markers and in
antibody levels between healthy and sick mice.

To provide further insight into why MBP immunization is
therapeutic in SHBRV-infected mice, we next determined
whether the increased survival of MBP-immunized, SHRBV-
infected animals is a consequence of the enhanced delivery of
immune effectors to CNS tissues and an elevated capacity to
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FIG. 3. Effect of MBP immunization on survival of SHBRV-infected PLSJL mice. Groups of PLSJL mice (n = 20) were immunized with MBP
as described in Materials and Methods. Ten days following immunization, half of the immunized mice (n = 10) as well as 10 nonimmunized mice
were infected with SHBRV and monitored for mortality. The results expressed are from the two out of four independent experiments that
exhibited the maximum (A) and minimum (B) mortality in groups of nonimmunized mice infected with SHBRV. Statistically significant differences
in survival between groups of SHBRV-infected mice with or without MBP immunization were determined by the Mann-Whitney test and are

denoted by the symbols * (P < 0.05) and #** (P < 0.001).

clear the virus. As shown in Fig. 4A, SHBRV-infected mice
immunized with MBP develop significantly enhanced BBB
permeability to Na-fluorescein compared to similarly infected
mice that were not immunized. The production of antibodies
by invading B cells, as evidenced by k-light chain-specific
mRNA levels, is also elevated in the CNS tissues of the im-
munized/infected mice (Fig. 4B), and levels of SHBRYV nucle-
oprotein-specific mRNA are reduced (Fig. 4C).

Inhibition of BBB permeability changes leads to death of
SHBRV-infected PLSJL mice. In our studies of SHBRV-in-
fected 129/SvEv mice, we concluded that the inability to open
the BBB is the critical defect leading to the death of the
animals, despite the development of a strong antiviral immune
response (23). We hypothesize that PLSJL mice survive the
infection because of an elevated capacity to enhance BBB
permeability and deliver immune effectors to the CNS due to
the reduced production of regulatory steroid hormones. To
confirm whether this may be the case, SHBR V-infected PLSJL
mice were treated with the steroid hormone DHEA. DHEA
treatment caused an increase in the death rate of SHBRV-
infected PLSJL mice from 40 to 90 percent (Fig. 5A). Eleva-
tions in BBB permeability were also significantly reduced by
DHEA (Fig. 5B). However, no major difference was observed
in serum RV-specific IgG levels between DHEA- and vehicle-
treated mice (Fig. 5C).

DISCUSSION

The observation that individuals dying of rabies often have
virus-neutralizing antibodies in their circulation suggests that
the mere presence of antiviral immunity may not be enough to
protect an individual from the disease (14). This is consistent
with the fact that rabies postexposure prophylaxis, which is a
combination of active and passive immunization, fails to pro-
tect individuals from a lethal outcome when administered after
clinical signs of rabies appear (6, 32). We have previously
provided evidence that the failure to clear SHBRV from the
CNS tissues of 129/SvEv mice may be a consequence of the
maintenance of BBB integrity, which prevents circulating RV-
specific immune effectors from reaching infected CNS tissues

(23). In the current study, we confirm this hypothesis by show-
ing that increasing BBB permeability facilitates the infiltration
of immune effectors into the infected CNS, thereby reducing
the lethality of SHBRYV infection.

The development of enhanced BBB permeability and a CNS
inflammatory response is required for the clearance of atten-
uated RV from the infected CNS (21). Mice with an SJL
background are known to develop more extensive CNS inflam-
mation than mice of other backgrounds when subjected to
similar stimuli (22, 28). Notably, with respect to the current
investigation, mice with an SJL background more often survive
infection with pathogenic RV variants than other mouse
strains (16, 17). We found that a high percentage of PLSJL
mice indeed survive infection with a dose of SHRBV that is
uniformly lethal for 129/SvEv mice. More importantly, the
ability of PLSJL mice to survive the infection is associated with
their greater capacity to mediate BBB permeability changes
and deliver immune effectors to the CNS. Enhancement in
BBB permeability and invasion of immune effectors in 129/
SvEv mice infected with attenuated RV occurs primarily in the
cerebellum (21). Consistent with this observation, in the cur-
rent study, PLSJL mice only developed significantly enhanced
BBB permeability in the cerebellum following SHBRYV infec-
tion (Fig. 4A).

Despite their natural resistance to lethal SHBRYV infection,
a significant proportion of SHBRV-infected PLSJL mice die of
rabies. At day 8 p.i., mice with clinical signs of rabies that are
destined to die invariably had higher virus titers in CNS tissues
than their similarly infected but healthy counterparts that often
survive. Differences in the extent of the CNS adaptive immune
response are unlikely to be responsible for the variation in the
levels of virus in the CNS of dying and healthy mice for several
reasons: (i) the accumulation of mRNAs specific for immune
cell subsets does not significantly differ between these two
groups, (ii) similar variability is seen in the absence of immune
cell infiltration in SHBR V-infected 129/SvEv mice at day 8 p.i.,
and (iii) variable levels of virus replication are seen in the CNS
tissues of PLSJL mice at day 5 p.i., which is prior to the onset
of BBB permeability changes (A. Roy and D. C. Hooper,
unpublished data). Thus, for reasons that are not fully under-
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FIG. 4. BBB permeability and immune cell accumulation in the
CNS tissues of SHBRV-infected PLSJL mice. (A) BBB permeability in
the cortex and the cerebellum was assessed by measuring Na-fluores-
cein leakage from the circulation into CNS tissues in groups of PLSJL
mice that were either uninfected (Uninfected), infected with SHBRV
8 days previously (SHBRYV), or infected with SHBRYV 8 days previously
and immunized with MBP 10 days before infection (SHBRV + MBP).
Infection and assessment of BBB permeability were performed as
described in Materials and Methods. Levels of mRNA specific for
k-light chain (k-LC) (B) and RV nucleoprotein (C) in the cortex and
the cerebellum of these mice were measured by QRT-PCR as detailed
in Materials and Methods. Statistically significant differences deter-
mined by the Mann-Whitney test between infected and uninfected
control groups are denoted by the symbols * (P < 0.05) and **% (P <
0.001) and between infected mice with or without immunization are
denoted by the symbol # # (P < 0.01). (Ten mice were used for each

group.)

stood, the extent of virus replication in the CNS tissues of the
mice varies with high levels predictive of death. Consequently,
we speculate that at day 8 p.i., the levels of virus in the CNS
tissues of some of the SHBRV-infected PLSJL mice are too
high for the infiltrating immune effectors to clear.
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FIG. 5. Effect of DHEA on BBB permeability and survival of SHBRV-
infected PLSJL mice. Groups of PLSJL mice (n = 30) were infected
with SHBRYV and either left untreated or treated with DHEA or its
vehicle dimethyl sulfoxide by daily subcutaneous injection, as de-
scribed in Materials and Methods. Mice were monitored for mortality
(A) or euthanized 8 days following infection to assess BBB permeabil-
ity in the cerebellum (B) and RV-specific IgG level in serum (C), as
described in Materials and Methods. Statistically significant differences
determined by the Mann-Whitney test between DHEA- and vehicle-
treated groups are denoted by the symbol * (P < 0.05).

If a proportion of SHBRV-infected PLSJL mice die because
virus replication overwhelms the immune effectors reaching
the CNS, enhancing immune effector infiltration into the CNS
tissue may be expected to increase the capacity of the animal to
clear the virus and improve survival. To test this hypothesis, we
used an autoimmune CNS inflammatory response to increase
BBB permeability and immune cell infiltration into the CNS
tissues of SHBRV-infected PLSJL mice. This resulted in a
higher percentage of the mice surviving despite the likelihood
that some died of autoimmune encephalomyelitis. This con-
firms that the clearance of SHBRV from the CNS is primarily
limited by the delivery of immune effectors to the CNS tissues
rather than that the extent of the antiviral response that de-
velops in the periphery and promoting immune effector infil-
tration into the CNS tissues of the SHBRV-infected host is
therapeutic.

Virus replication in the CNS can stimulate the production of
steroid hormones through effects on the HPA axis (4, 27). It is
known that pathogenic strains of RV infect the hypothalamus
and alter HPA activity (24, 29), resulting in the elevated pro-
duction of steroid hormones and the reduced production of
growth hormones (29). These changes may be responsible for
the lymphoid organ atrophy and altered immune function (29,
31) seen during the late stages of rabies. Compared to other
strains, mice with an SJL background (i) have reduced HPA
axis activity (2), (ii) develop more extensive CNS inflammation
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in response to various stimuli (2, 22), and (iii) are resistant to
lethal infection with RV (16, 17). These facts led us to specu-
late that the survival of PLSJL mice from a normally lethal
dose of SHBRV may be due, at least in part, to the reduced
production of steroid hormones as a result of a blunted HPA
axis activity. DHEA is particularly interesting in this regard, as
it is one of the most abundant hormones produced under HPA
axis control (19) and is known to inhibit CNS inflammation
(10). Administration of DHEA to PLSJL mice, while having no
effect on the ability to produce RV-specific IgG, limited BBB
permeability elevation and caused increased mortality follow-
ing SHBRYV infection. These findings suggest that the higher
levels of DHEA expected in mice with normal HPA axis ac-
tivity may contribute to increased SHBRYV lethality by reduc-
ing BBB permeability changes.

Our findings indicate that the delivery of immune effectors
to the CNS can reverse the outcome of an otherwise lethal RV
infection even after the virus has reached the CNS. Certainly
the induction of autoimmune CNS inflammation to open the
BBB and deliver RV-specific immune effectors to CNS tissues
is not an appropriate therapy for humans. However, the utili-
zation of a mechanism to enhance BBB permeability that is
unaffected by SHBRYV infection may be crucial to the rescue of
an individual who has been diagnosed with rabies based on the
appearance of clinical signs. We expect that this may also apply
to other CNS diseases where the delivery of therapeutic agents
across the BBB is necessary.
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